Concerning the occupational exposure in magnetic resonance imaging (MRI) facilities, the worker behavior in the magnetic resonance (MR) room is of such particular importance that there is the need for a simple but reliable method to alert the worker of the highest magnetic field exposure. Here, we describe a quantitative analysis of occupational exposure in different MRI working environments: in particular, we present a field measurement method integrated with a software tool for an accurate mapping of the fringe field in the proximity of the magnetic resonance bore. Three illustrative assessment studies are finally presented, compared and discussed, considering an example of a realistic path followed by an MRI worker during the daily procedure. The results show that the basic restrictions set by ICNIRP can be exceeded during standard procedure even in 1.5 T scanners. Using the described simplified metrics, it is possible to introduce behavioral rules on how to move around an MRI room that could be more useful than a numerical limit to aid magnetic field risk mitigation strategies.
Introduction
Magnetic resonance imaging (MRI) is one of the most flexible tools in medical research and diagnostic imaging, with more than 35,000 magnetic resonance (MR) systems currently in use worldwide and an annual turnover rate of about 3000 units (Moser et al., 2012) . The phenomenon of magnetic resonance is based on the fact that atomic nuclei with a magnetic moment when placed in a static magnetic field, precess about the static magnetic field (B 0 ) at the Larmor frequency (Armstrong and Keevil, 1991; McRobbie et al., 2006) . Then, the nuclei in the static field are irradiated by a radiofrequency (RF) magnetic field (B 1 ), whose direction is perpendicular to the direction of the static magnetic field and whose frequency is close to the Larmor frequency. This RF field creates the nuclear magnetization of atoms, creating a nonzero net magnetization along the transverse plane. When the RF field is switched off, each nucleus returns to its equilibrium, releasing a radiofrequency pulse. The way each nucleus returns to its equilibrium state is related to the kind and position of nearby atoms, to the surrounding environment (i.e. the lattice), and to other externally applied magnetic fields that are used to encode nuclei's positions in space. To localize aligned protons inside the body, and allowing spatial reconstruction of tissue sections into images, switched gradient magnetic fields, at frequencies from a few Hertz to kiloHertz (McRobbie, 2012) , are used. In contrast to ionizing radiation, MRI procedure uses electromagnetic radiations which do not have enough energy to detach electrons from atoms or molecules. However, with the rapid development of MR technologies and the increasing interest in this versatile imaging modality for both clinical and research purposes, the possible health hazards are gaining increased attention (Shellock and Crues, 2014; Kim and Kim, 2017) . MRI personnel is always exposed to static and spatially heterogeneous magnetic field during the working day when entering a diagnostic chamber (beyond Faraday's cage) (Karpowicz and Gryz, 2013) . Also, moving around the MR room to perform their functions, technicians are exposed to slowly time-varying magnetic field that induces electrical currents and fields in the body (McRobbie, 2012; Stikova, 2012; Kim and Kim, 2017) . Current MRI systems are using a set of coils to reduce the static fringe field generated by the main magnet (active shielding) and to ensure field homogeneity inside the bore. However, the active shielding causes a high magnetic field spatial gradient in the proximity of the bore.
The occurrence of transient symptoms (dizziness, vertigo, nausea, tinnitus, and concentration problems) induced by worker movements in the fringe field has been reported in several recent studies (Wilén and Vocht, 2011; Schaap et al., 2014; De Vocht et al., 2015; Schaap, Christopher-De Vries, et al., 2016; Schaap, Portengen, et al., 2016; Acri et al., 2018) . Moreover, some recent studies indicate the possibility that these acute neurobehavioral effects and reported transient symptoms can have long-term health significance (Bongers et al., 2016 (Bongers et al., , 2018 .
International Commission on Non-Ionizing Radiation Protection (ICNIRP) published several guidelines which set exposure limits (ICNIRP, 2009; ICNIRP, 2010) , also reflected in a new Directive (Directive 2013/35/EU) (EU, 2013) issued by the European Parliament and the Council of the European Union. More recently, ICNIRP published specific guidelines for limiting exposure to electric fields induced by movement of the human body in a static magnetic field and by time-varying magnetic fields below 1 Hz (ICNIRP, 2014) . In this publication, ICNIRP has established a basic restriction of 1.1 V/m for the peak induced electric field and a reference level of 2.7 T/s for the time derivative of the magnetic flux density (dB/dt), both for controlled exposure conditions. Controlled exposure conditions are defined to be applicable when access to work environments is restricted to workers who have been trained about the biological effects that may result from exposure and where the workers are able to control their movements in order to avoid adverse events.
Hence, according to these recent guidelines, the worker behavior in the MR room is mainly relevant, so there is a need for a simple but reliable method to alert what activity causes the highest exposures. Acri et al. (2018) have recently shown that the ICNIRP dB/ dt limit was always exceeded during their measurements on the 3.0 T scanner and sometimes on 1.5 T. A recent review (Hartwig et al., 2018) about the methods for MR occupational exposure assessment concludes that much effort still needs to be devoted to the risk assessment for MRI workers and an accurate standardization of the procedures for both monitoring and numerical studies should be established. Moreover, MRI workers should receive all necessary information about the possibility of being exposed during their work shift to electromagnetic fields, and about the outcome of the risk assessment including preventive measures taken to reduce the exposure. MRI workers should be trained on the possibility of transient symptoms and sensations, and how to detect and report adverse effects of such exposure. This would have an important impact on individual risk perception, which is dependent on personal knowledge and experiences and can influence decision making and productivity at work. A higher awareness of safety has been related to a decreased number of accidents at work (Gyekye, 2005) .
A topical and important research issue is the need for defining methods for both health risk and exposure evaluation, together with the establishment of guidelines for providing safe working procedure training to workers (Sammet, 2016) . In this paper, we illustrate practical issues on the quantitative analysis of occupational exposure in different MRI working environments: in particular, we present a field measurement method integrated with a software tool for an accurate mapping of the fringe field in the proximity of the MR bore. Three illustrative assessment studies are finally presented, compared, and discussed, considering an example of a realistic path followed by an MR worker during a daily procedure. The induced electric field and the time derivative of magnetic flux density are chosen as metrics for worker exposure assessment. Additional protection measures of the kind described in this manuscript are necessary and desirable: for example, in the European context, the Directive 2013/35/EU derogates medical MRI from its exposure limits but only if certain conditions (additional safety measures) are met (EU, 2013).
Materials and methods
The unperturbed static magnetic field in an MR environment can be determined by using the isogauss line maps provided by the MR scanner manufacturers. Isogauss plot lines show the spatial distribution of the static field relative to the magnet isocenter from the side, top, and front views. In practice, as most of the available maps do not cover the entire distribution of the magnetic fields near magnets, the use of isogauss line maps represents an approximate method for the evaluation of workers' exposure. For a most accurate mapping of the magnetic field, we performed the measurement of magnetic flux density by means of a commercial 20T-Hallprobe Three-axis Hall Magnetometer THM1176 (Metrolab Instruments SA, Switzerland) in the area where the workers mainly move during their daily work. The THM1176 device was calibrated at Metrolab, as instructed in the user manual: the calibration procedure requires special magnets, tooling, and software to calibrate all three axes, at multiple fields and temperatures, and writes the results to flash memory (Metrolab, 2016) . This kind of instrument is generally used in literature to measure the unperturbed incident field in a survey monitoring procedure (Hartwig et al., 2018) .
The static magnetic field of three different MR environments was assessed: Table 1 reports the main characteristics of the chosen MR sites, together with the relative locations.
We chose to assess the magnetic field of three scanners with B-field (B 0 ) of 1.5T from two different manufacturers. Even if the chosen scanners have the same B 0 values, they have a different configuration and they are installed in three different clinical settings.
The probe of the magnetometer was placed on the xz plane (parallel to the ground plane), at the isocenter height, correspondent to y = 0, and moved in x-and z-direction with a step of 0.10 m. The covered area was between the gantry and the door (starting from z = 0 at the gantry, up to z = 1.10 m), on the left and right sides of the patient bed. We measured the modulus of the magnetic field at each point on a 0.10 × 0.10 m grid. For each site, some measurements were repeated a few times to check the repeatability and the reproducibility of the measurements, either in unchanged conditions or changing the people assigned to the measure (Karpowicz and Gryz, 2006) . Then, the static magnetic field in the covered area was also estimated using a software tool (Hartwig et al., 2011; Hartwig et al., 2014) in order to get a more accurate magnetic field map. Starting from the knowledge of magnetic field measured on the grid, a Matlab script calculated the static magnetic field value (B) at each point of the specific MR room by fitting the data using a cubic spline interpolation. Finally, the induced electric field E (together with the relative time derivative of magnetic flux density dB/dt) was calculated for a realistic trajectory of MR workers around the scanner when moving close to the gantry in the z-direction along the patient bed towards the room door (total path length = 1 m). For the estimating of the induced electric field, we used the analytical model described in ICNIRP guidelines (ICNIRP, 2014) . According to this model, the electric field E induced in the body was estimated as:
where dB/ds is the spatial gradient of the static magnetic field and v is the walking speed of the exposed workers. C is a conversion factor that depends on the size and the shape of the body. For a person standing close to the scanner bore, this geometric factor can be chosen equal to 0.16 Vm −1 per Ts −1 (McRobbie, 2012) . For the choice of v value, we considered some real situations: the movements of two radiology technicians during the patient preparation for standard clinical MRI exams were recorded with a digital video camera (at FTGM, Pisa, Italy). Then, the videos were analyzed by using a video processing software (VirtualDub 1.10.4) to calculate the walking speed of the two workers during the procedures. The analysis of the videos consisted of playing the video frame by frame to evaluate the length and duration of path segments and to calculate the average walking speed. From the results of this analysis, a constant-speed walking pattern with two values of v (1 m/s, and 1.40 m/s) was chosen for the estimation of E and dB/dt. These two values of walking speed were chosen considering the range of minimum to maximum speed evaluated from the videos: the value of 1 m/s was chosen for practical reasons while the value of 1.4 m/s was chosen as equal to the maximum speed estimated from the video analysis.
The calculation of E and dB/dt was performed for all the three MR environments and the results were compared to each other and with the ICNIRP exposure limits (basic restriction for E (peak) =1.1 V/m and reference level for dB/dt (peak) = 2.7 T/s) (ICNIRP, 2014) . A 'critical speed', defined as the maximum walking speed for which the worker experiences a maximum E equal to the ICNIRP basic restriction, was calculated starting from the estimation of dB/ds according to the following equation:
The 'critical speed' was calculated for each scenario considered in this study and is therefore only valid for specific conditions of MR environment and operator activity (walking path characteristics as starting/finish points, direction, position,...).
Results
From the analysis of the radiology technicians videos during the patient preparation, the walking speed changed between a minimum value of 0.09 m/s and a maximum value of 1.40 m/s (0.59 ± 0.25 m/s, mean ± SD). We noted that the maximum speed value was found in the correspondence of the entrance of the worker in the MR scanner room for all the three situations considered. Also, the linear path parallel to the patient bed axis (z-axis) had a value of walking speed higher than the estimated average value. Figure 1 shows the iso-level curves derived from the measured |B| in front of the gantry of three different MR scanners and the relative |dB/ds| calculated respect the x-and z-axes. The error between repeated measurements for each site was calculated and was lower than 5%. Figure 2 shows the maps of calculated |dB/ds| from Fig. 1 superimposed on the specific room map to identify the area in which the operators generally experience a whole body exposure while MRI examination attending: the top view (xz plane, at isocenter height) is showed.
As it possible to note, while the maps of magnetic field spatial gradient of MR1 and MR2 are very similar, MR3 has a higher spatial gradient in the proximity of the gantry. The spatial gradient of magnetic field for MR3 reaches a value of 6.8 T/m in two points located at both sides of scanner gantry, in an area in which the operators usually work for the preparation of the patient and the installation of the imaging coils, as can be understood from Fig. 2 . The maximum value of the spatial gradient for MRI and MR2 is 4.9 and 4.8 T/m, respectively. Figure 3 shows the calculated induced electric field E in the body of a worker walking along a linear trajectory parallel to the patient bed (z-axis) starting from the gantry (z = 0, length = 1 m), in three different MR environments, together with the specific time derivative of magnetic flux density |dB/dt|. The calculation of these exposure metrics was performed for the two chosen value of walking speed: 1 m/s (results are shown on the left in the figure) , and 1.40 m/s (results are shown on the right in the figure) . With a walking speed equal to 1 m/s, the ICNIRP basic restriction for E in controlled working condition was exceeded only in the MR3 facility, while with a speed of 1.40 m/s also the operator in the MR2 facility could exceed the basic restriction. The limit exceeding occurred in both case within the first 0.15 m of the considered path. The ICNIRP reference level for dB/dt in controlled working condition was exceeded in all the three MR facilities, for both the speed values, within the first 0.20 m of the considered path.
Finally, the critical speeds calculated for the three considered MR facilities were: 1.15 m/s for MR1, 1.50 m/s for MR2, and 0.78 m/s for MR3.
Discussion
We present a practical procedure here to calculate some metrics in order to quantify exposure levels experienced by the operator moving into the static magnetic field of MR facilities. As an example, the procedure has been implemented in three different MR facilities. According to the results of our quantitative analysis, different MR scanner located at different clinical institutes can have very different magnetic field spatial gradient distributions near the magnet's housing, even if the values of nominal B 0 are the same (1.5T for the MR facilities considered in this study).
Magnetic field spatial gradient maps show that the active shielding used to ensure field homogeneity inside the bore in all the three MR sites considered, causes a higher spatial gradient on the sides of the patient bed and in the proximity of the gantry. This is precisely the area in which the operators usually work for the preparation of the patient and the installation of the imaging coils (Karpowicz et al., 2007) , exposing their whole body to the magnetic field.
According to the results of our pilot study with a small number of scenarios, in specific conditions of movement and speed of the operator, ICNIRP limits for the induced electric field and time derivative of magnetic flux density can be exceeded in that area (see Fig. 3 ). In the cases considered in this study, a maximum speed of 1.40 m/s was chosen: this value is approximately the mean comfortable gait speed for men (Bohannon, 1997) , so it can be easily overcome in emergency conditions, such as episodes of claustrophobia or respiratory failures of the patient under MR examination, that require the medical personnel running inside the MR room. The 'critical speed' defined and calculated in this work, could be used as reference parameters to give useful recommendations to the operators regarding their behavior near to the MR scanner housing.
The procedure presented here is based on the measurement of the static magnetic field of a specific MR facility: the measures are simple to perform and it needs to do them only once for the specific MR site. Comparing with the estimation of the magnetic field map obtained from isogauss plot lines, this procedure is more accurate (Hartwig et al., 2018) , and permits to have a detailed mapping of the exposure environment. Generally, the MR operators are trained about the biological effects that may result from their work in MR site, but they have no subjective perception of how the magnetic field and its spatial gradient are truly distributed in their specific work environment. The described procedure permits to obtain information about the areas in which the workers are at risk of higher exposure, for the specific MR facility. The measurement of |B| and the calculation of its space gradient |dB/ds| give the indication about high-risk areas, in which the operator should be more careful and move slowly.
These recommendations are also important for the persons responsible for the workplace and work practice organization. A limitation of this study is represented by the chosen of three scanners with a B 0 equals to 1.5T and not with higher flux density, that is 3T or higher, which is quite ordinary today in clinical practice and for which it is well known in literature that ICNIRP limits are usually exceeded (and transient symptoms may occur) (De Vocht et al., 2015; Acri et al., 2018) . Among other things, our goal was to show that similar scanners can produce a very different spatial gradient of a magnetic field near to their housing. For this reason, it is important to adopt procedure of the kind described here for each specific MR environment keeping in mind that, as shown in literature and also by our results, safety limits could exceed also at B 0 < 3T.
It is not possible to make general conclusions, given the small number of observations in this work, and given also the great variability of movements and parameters of movement related exposures (Fatahi et al., 2017) . But the fact remains that, using the described simplified metrics, it is possible to provide staff with some recommendations on how to move around MRI room during the standard procedures (Sammet and Sammet 2015; Fatahi et al., 2016) . Moreover, starting from the results obtained by using the described procedure, it would be possible to design a graphical representation to adopt in a specific MR site to indicate the area in which the operator should move slowly to avoid high values of the induced electric field due to spatially varying magnetic field exposure.
Lastly, to conclude, the described procedure can be sufficient to evaluate roughly if exposure is compliant with the ICNIRP basic restriction near MRI scanner. If it is not compliant, Directive 2013/35/EU requires that certain conditions should be met to allow workers to perform their tasks (EU, 2013) .
